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FATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.

TECHNICAL MEMORANDUM IIO. 381.

TAXE-CFF DISTANCE FOR AIRPLANES.*

By A. Froll.

With the rapid development of air traffic, the aviation-
field problem is constantly increasing in importance. It is not
so much the need of good landing places as the indispensable
safety in taking off, which often renders difficult the choice
of a suitable field. ULandings can now be made on small fields,
since there are all sorts of devices for shortening the landing
run, even for large and swift commercial airplanes. It is only
necessary to have a smooth field, which may be slightly sloping
and whose dimensions ne=d rot exceed 200 m (655 ft.) in all di-
rections. Even without an entirely satisfactory subsoil, such
a field will at least serve for emergerncy landings. The take-off
from such a field can bte made, however, only under the most fav-
orable conditions and generally not at all.

The conditions for taking off differ greatly from those for
landing. With a poorly climbing airplane it is much more dAiffi-
cult to take off over rows of houses or trees, than to alight
with the same airplane on the same field. The landing run is
almost always shorter than the take-off run in a normal take-off.

Only for airplanes with very great climbing ability (i.e., with

¥ IMDie Startstrecke bei Flugzeugen,! Zeitschrift far Flugtechnik
und Motorluftschiffahrt, August 14, 1926, pp. 316-333.
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powerful engines) and a high wing loading, can the take-off run
be shorter than the 1anding_run. It has been found, for example,
that heavily loaded mocern commercial airplanes require a run of
600-700 m (1968-3297 ft.) for taking off, and only about 150 m
(492 ft.) for landing. These conditions are a constant source
of anxiety for the aviation-field manager of an air-traffic
company, who must give them a great deal of attention.

In particular, the question arises as to the possibility
of shortening the take-off run. The first phase of flight, when
the airplanc is gaining headway immedioctely above the surface of
the ground, also belongs, however, to the process of taking off,
which can be considered as ended only after the climp has aséumed
a sufficiéntly steep angle and the airplane has attained a cer-
tain cltitude. Sometimes definite rmumerical stipulations are
made (as, for example, the attaimment cf an altitude of 20 m
(65.6 ft.) within 600-700 m (1988-23537 ft.) from the starting
line. Such requirements, taken from practicocl experience, de—
term;ne the minimum size of a utilizable aviation field for any

‘ given commercial airplane.

Artificial devices for shortening the take-off distance are

not so effective and not so generally applicable as those for
” shortening the landing distance, since the retarding effects of

the latter are always more simply and easily attained than ac-
celeration in taking off. For instance, the tail skid helps to

shorten the landing run, but lengthens the teke-off run. Even
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Spanish "Autogiro" requires o take-off run of about 150 m

(492 f£%.) cgoinst o londing run of 20 m (685.6 f£4.).

Obviously the first thing to do is to digcover when and how
the snortest possible teke-off can be made with the usual necaans,
i.e., by starting with throttle wide open and with the proper
use or tne clevator. Can the most favorable effect e obtained
by skillful stecring and is it worth whilc to investigate vari-
ous possibilities?

Th

Q
Ix]
@

ore two principal ways in which the total take-off
distonce {taxying plus hovering plus “he Tirst part of the climb)

can be refuced vo 2 minimum. These o

: 1. Texying and hovering until the moaximunm speed has peecn
L, attained closc to the ground and then crangiag to a steep rapid

oy

climb.

3. Lifting the airplane from the ground as soon &s possi-

ble and then climbing at a relatively large angle of attack.

These cases, as well as all other conceivable combinations,
can be expressed with a single basic fornula, which is derived

from the energy eguation for rectilincar fiight. If G 1is the

weight of the airplane, v +the speed and s the take-off dis-

tance, thea -g v adv=4ds (propeller thrust — air resistance -

round friction) (1)
g
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fdere we can bring the right side to a quadratic function of

B

the snmeed in the form (a - ¢ v®) and then find the general

solution

TR ey

g = G a - ¢c v-? (5)

P

by taking the integration befween the speed limits Vo (initial

speed) and v ("starting sneed").*

* Under the assumption that the propeliler thrust follows *he
| equation
| S=0C-Bv? (2)

| and that the total friciion { ground and axle) of the landing gear
is eypressed by the formula

R=Wd (G- A) 2a)

in which A dJdenotes the coefficient of 1ift and W the coefiici-
ent of fricticn, the general expression for the take-off distence

is
Gyvgavs= & g J(C - Bv?) - cy ~— F v® —
g { <&
_ ‘/ _ f\’l 2 5
v {a cangv> (3)
- G /v v.dv
s =8/
8V, (C- uga) —v2 /B + \nv‘-—uca)%f‘“)
-8/ wdav _ (4)

Herein the first part of the take-off distance, the taxying, is

a; = C~- UG ol=B+(c1—u)ca§Yg-F (4a)

wherein the lift-drag ratio € and ¢ refer to the angle of
attack whilc taxying and F is the wing area.
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After the taxying speed has reached the value v, at which
the airplane can leave the ground and it has done so through the
action of the elevator, it then hovers cover the ground until it
has attained a speed v, sufficient for climbing. This second
portion of the take-off diétanee is computed by the same equa-~

tions, but with other constants

ap =C and ¢, = B+ g ¢y

e
Py
>
S

as soon as v = v.,. The take-off distance for the first two

portions is then

, _ 2
ve, =8 J1 1, P IN  PR -~ SF U G
3g 'cy 8y — Gy VyT Ca 4z — G Vp©

81

An analyvtical miaimum for this guantity does not exist, in
so far as v, is gilvsa and the most favorable v, is sought.
It is easily seen, however, from Table I of the example, that it
1s expedient to choose v, as small as possible, i.e., to
leave, the ground as soon as possible and then, without climbing,
to attain thc requisite speed while hovering. (An often ob-
served fact thereby is the favorable action of the low-wing mon-
oplane with its short take-off distance, which does not, howev-
er, correspond completely with purely theoretical predictions.)

For ecstimatiag the third portion of the total take-off dis-
tance, nemely, the climb to 20 m (65.8 ft.) altitude, the fol-
lowing consideration is of service. If the clevator is deflected

sharply upward at the end of the hovering, the airplane, with
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decreasing swpced, describes an upward curve with an initial radi -

us which can be calculated from the centrifugal force

K 2
. P, = Va (7)
o (A& - 1Y
°\G¢ TF,

in vhich A is the great 1ift

~
LI 2
Ca max 2g v, <,

to which wvpiy, Dbelongs in unaccclerated flight.
P incrcases as the spced cecreoascs and, with v,, finally

assumnes the value

< Vs® Vpin® (72.)
=

Py

e, =

i

R =

2
V3~ = Vvin

Jostneas

ig At the low altitudes to which this considcration applies, the

=

E=escy e
N

resulting flight vath may be accuratcly cnough regarded as the

W arc of & circle with the mean redius

|
LI

0, +8&) (8)

pm - 3

and an arc length of

1 = 2
8! = /2 pp by

in which thec altitude attained can be calculated from the energy

equation
! 2 2 9 &l \*
) . - vy Sa
a woar =G 2" 8 yvswm (S22 9

is the approximate climbing time to h; .

'
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It is also sufficient to introducc the mean drag Wy, which is

calculateld from

2
+ 7 \ _ + v\ 4 L
_— Vo * VPN o fVp * V5 —_ .
Wy = ¢y, max og F ( 2 . V8 Viin/ ¢ €o (10)

being the 1lift-drag ratio for the maximum cg-

Fron a quadraetic equation for
sk

(@ + 8% py) - fla + B py) - o (11)

and the correspoading length of the arc, we finally obtain

% sk
sy =,./8 hy Oy / (12)

To this ig then added the climb from h, to h with constant

(best) vertical speed v, and with the flight speed v, - These

s
are botih knowun, however, for every airplane, so that the last
vortion of the total teke-off distance is expressed by

(h = h,) B =g
Vo, T 5

The flight paths in this third portion of +the take-off appear
therefore at various speeds Vv, , as represented in Fig. 1, and
show that even the choice of v, 1g not without influence on

the total

ck

ke-off distance.

* Herein for abbreviation is set
o= Y2 - v ,B={w, - 75 11 . ,
2 g { (vp + v3)! G (13)
P, os atove = _L {_lzaz_im_mié_ b Wmir )
W . < .
28 \v° - vpin B - Vnim )b g

** The horizontal projection of g', properly coming into the
~question, is practically equal to the value of the arc, on ac-
count of the small angle of, climb or the smallness of h,/P..
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Since, cccording t0 what has preceded; v, 1is as small as

possivle cad v 1likewise appears to bce esteblished, there is,
therefore, in the choice of v,, & frce space from the lower
limits v, = v; or v (toking off and climbing without aszcel-
eration) up L0 V, = Vygx ond hence to 2 pronounced springlike
start.

) On account of the complicated conditions (equations 5 and
11}, it is not expedient to seek an aanlytical expression for the

alninu: of the total dictance s in terms of v,

. It is vetter
tc select the tvypilcal cases by meons of a numerical example.
This is suificiently i1llustrated by the sudbsequent exemple with
the ccconnunying fizures.

The zeneral coefficients in egquation 4) must first e more
accurately cCetsrrined, esoccially the thrust 8 = € and the
flight efficicacy (Flugbeiwert) B of the propeller. The airx
density iz ¢lso guite important (in equation 4 and in the con-'
stant c¢). The total take-off distance would be considerably
increased, if Y <chould bc appreciably diminished by a high ten-
perature ncar the ground.

The wench thrust of a propeller having a given dlometor,
pitch, shope, cnd blade mumber, can de determined from exporiment-
al ocurves, which have been plotted in large numbers for various
propellers. Cur case has o do, howsver, with & general relation

bet7cen tae normal engine powcr and the prospective propeller

thrust. The following results were obtained from the theory of
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¥
%
J
i
M the propeller slip streanm.

; If w 1is the reaction velocity of the emerging slip strean,
. the thrust is then
% s = 0D Y

o 4 g 2 °
i the engine power

o 4 g 4

and hence )
3("
s, = /X @ L2 (14)

o ~/ 28
If we put Lg ~ 0.8% X 75 N (EP.) X 380 = 21600 kg m/s
(14515 ft. 1b./sec.) and E%i—= 7 ¢ {76.% sq.ft.), then
So = 930 kg (2050 1b.). A 360 HP: engine was taken as the basis
of this calculation, the same as used in the gubsequent example.
By comparing the bench thrusts orf similarly built propel-

lers on varicus engines, we obtained {(from equation14) the ex—
= i [ 4

b

3 e 3 -
N { .; P 2‘,’-
o ! 8l -A//N .J/ﬁ (14a)

A mean value of Sy ~ 550 kg (1213.5 1b.)** was established

pression

92}

by a large number of bench thrust tests with various propellers
on & 180 HP. Dainmler engine. Hence S, may equal 950 kg (2094
1b.) with the 360 HP. engine under similar conditions, whereby

we obtain a close confirmation of the above-computed mumber.

* Because the bench HP. with throttle wide open is only about
0.8 of the maximum HP. in flight.

** Txperirents by the writer at the Austrian Army aviation field
at Aspern near Vienna. '




i

%
4

N.A,C.A. Techpnical Menorandum No. 381 10

%

The revolution speed of a propeller is known to increase
from the bench tests up to full spsed in the air (in the subse-
guent exruple from n = 1350 to n = 1600 R.P.M., according to
the shape of the propeller and the width of the blades). If, in
Fig. 2, the thrust curves for n = 1400 aﬁd n = 1600 are plot-
ted as flat parabolas, the course of the propelier thrust, during
the start with increasing velocity, is then characterized by the
dash-and-dot line which, in turn, can likewise be plotted as a
parabola S = I - X v®.

It ig posecible, rorcover, to make up such a propeller-thrust

- formula fron observations of the taxying and of the take-off

speed v, , provided the decisive quontities, lift-drag ratio ¢,

Cq, cocificilent of friction and propeller cfficiency are known,

# which, of course, is only approxinately true. The calculation

#f is therefore rather unreliable.

The reccnt announcenent of the 1928 South-Germany contest

¥ stated that: "The decreasc in the propeller thrust and the in-
W creasc in the cir rosistance with increase in speed are exactly
it offset by the decrease in the ground friction due to the 1ift,

K so thot the acceleration rem2ins constant during the take-off

If this were universally +txue, formmula (4) would be consid-

. eraply simplified, at least for the taxying and we would have

S, =

X N (6a)

28; (11/ C - WG/
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There toulc then remain only the possibility of slightly chonging
the accelcration, and theréby the first portion of the total
take-off distance, by varying C (other propesllers) within nar-
row lirits. We =71ill test the above statcorient by numerical values

and sclect for this purpose a commercial airplane with the choarac—

teristics
Weight G 3300 kg 7055 1b.
‘ Engine power 360 HP.
%: Wing area F 63 n* 667.4 sa.ft.
% Propellcr efficiency % in . .
; horigzontal flight 65%
Propecller efficiency M in ,
clinbing flight . 629
. Lift-drag ratio € in hori-
¢ zontal flight 1: 7.5
Lift-drng ratio € in climbing
Z1light 1 : 6.5
Coefficient of friction ¢ witl reference to
the circumference of the wheels:
0.08

Axle friction 0.008 :
together
Ground " 0.074

2 .
The rcsistance in horizontal flight is then 3200 _ 428 kg

(939 1b.) and the speecd is

_ 360 X 75 X 0.65 _ Jsec.) .
Ynoriz. = 55 = 41.2 n/s (135 ft-/sec.)

In unaccelerated climbing flight, v ~ 28 rn/s (92 ft./sec.)

Hy

(ca ~ 0.9) can be assumed, which will give a climbing speet ©

vy ~ 1.2 n/s (3.9 ft./sec.).
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For the maximum angle of attack (cg pax = 1-1),
€ = E%E and v = 27.4 m/s (90 ft./scc.), the minimum speed at
which the airplane can take off, with = climbing speed of
% ~ 1mn/s (3.28 ft./sec.). From thig is obtained the following

constant coefficient

ay; = 950 - 0.08 x 3300 = 700 kg {1543 1b.).
Moreover, in horizontal flight 8 = 438 = ¢ - B'W§at::
950 - B X 41.22, according to which B = 0.31 and we now have:

¢ =0.31 + (e -~ 0.08) ¢y &2 .

16
For ¢4 = 0.5, € = 7l§: ¢ = 0.41
1 - S _
Gy = C.9, €= 5, c = 0.524.

The first and second pertions of the total take-off distance
must then be ctlculated, according to the manner of starting,
with the nelp of equetion (4) and the third portion (climd) ac—

cording o equations (11) and (12).

Table I.

Taxying and hovering with ¢ = 0.49 with varying v, and with

v, = 40 m/s (131 f%./sac.}.
~ 28 50 25 ] B4 %8 73 0 | m/sec.
Speed vy | 97,9 |ga3.4 | 105 hii.s ivie.1 124 7 1131.2 |ft./sec.
&, 240 | 290 | 350 | 430 | 845 | w15 | 1070] m
787 | 951 | 114€ | 1411 | 1798 | 2346 | 3510 ft.
85 860 | 832 | 574 | 510 | 4322 | 293 | O m
2165 | 2041 | 1883 | 16873 | 1385 | 931 | O Tt
s, + 5, | 900 | 912 | 924 | 940 | 967 | 1008 | 1070| m

23953 29092 3031 3084 3173 3307 3510 £t.
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1.

0 to swneed v, - Table I

values of ..

1 The common final speed

was introduced in line 2 (s.).
found that

even though only slightly.

Tablzs II.

Texyinzg till v, = 38 n/s (91.9 ft./sec.

and cy = 0.42, constant climb with v;

Start at the minimum lift-drag ratio

Vy =

), s

(cq,

the total tale-off distance increases as

= 0.41)

'\‘f-'

-~

13

from

gives the take-off distances for various
40 m/s (131 ft./sec.)
Ag alrcady mentioned, it has becn

increases,

= 240 m (787 ft.),

= 30 m/s (8.4 ft./scc.).

r |
30 | 22} 34 | 38 | 38 40 m/ s
Speed v, 98.4 105/111.5{118.1|134.7 | 1381.3|ft./scc.
. 35| 86| 145 | 240 | 388 | 660 | m
2 115; 282! 473 | 787 |1207 | 2165 ft.
s 4o 270! 326] 335 | 480 | 608 | 900 m
1 2 333,;,1070,12383 1575 [1995 | 2953 ft.
| - ’
2 it PR O | 4.31 8.3 12.8] 17.9 23.2 m
Cilmpb %o altitude b, 0 15.1138.2 | 41.5| 88.7| 76.1| ft.
{0 20 n1
; 65.6 ft.)
. : 0O 80| 75| 90| 105 | 110 m
Distance &' (%o k) O | 197| 248 | 205 | 344 | 361 £t.
t
Further distance s."
to h = 20 m(65.6 T+.) 500 1 233} 885 | 185 52 0 m
(angle of climb 1/35) 318201853, 935 | 607 | 171 0 ft.
Total take-off dist. 7751 763| 745 755 765 1010 m
&, + 85 + 85 + 84 2543 |2520 (2444 {2477 | 2510 | 3314 5.
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Iﬁ, therefore, the minimum speed v, = 38 m/s (91.9 ft./sec.)
is caosen for the ﬁémenf of takeébff, Table II then shows tre ef-
fect of the various speeds v, (for +he beginning of the climb)
and also gives the values h, and s; for the third vortion of

the take-off distance and for the total take-off distance.

3. The method of calculation is perfectly analogous for
the take-off with a large angle of attack (cy = 0.9). The re-

sults are given in Table III and Figs. 3-4.

Table III.

Taxying ti11 v, = 23 /s (21.3 f%./sec.), e, = 288 m (945 ft.),

cp, = 0.9, v, varisble and v, = 20 m/s (93.4 ft./sec.).
Speed v, 30 33 | sz /s
| 08.4 105 | 111.5 ft./sec.
T T —
S» | SE 124} 490 m
226 €04 | 1808 £t.
8, + Sz 357 473 778 m
1171 1543 | 2552 f.
Climb to altitude h, 0 4.8 8.6 m
0 15.1 28.2 ft.
' Distance s;' (to h,) 0 60 75 m
" 0 197 2468 fi.
a
Turther distance s, EN0 382 | 285 i m
(to 280 m - B65.8 f%.) | 1840 1253 : 935 Tt
Total také-off dis— 857 914 { 1138 . m.
tance 2813 2999 | 3734 ft.

From these figurss it is manifestly inexpedient to let the

airplane "hover" very long, but that the minimum take-off dis-



¥
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tance, including the first 20 m (65.8 ft.) of climb, is obiainable
only by berinning to climb at a speed of 34 m/s (111.5 £t./sec.),

just a little in excess of the most favorable climbing speed, nhecre

Vv ~ 30 m/s (98.4 ft./sec.).

The coefficient of the ground friction M, which consists
chiefly of rolling resisitance (sinking in soft ground), is very
important. Taxying up to the minimum take-off speed of 28 n/s
(91.9 ft./sec.) requires the values of s,, as given below for

the various values of .

BMo= 0.08 0.12 0.16 0.3
s, = 245 260 262 540
An ervor in the coefficient of Iriction U may therefore
cgive & vers false result, wrhen the speed has nearly reached its
maxinum valve.
If +tae condition of constant acceleration during the taxy-
ing, a5 expressed in equation (6a) were true, we would have, for

our examvle with p= 0.08,

v, = 28 32 26 10 r/s
91.9 105  118.1  131.2 £%./sec.
s, = 180 334  5E6 333 o
ES1 7688 971 1201 4.
with = 0.1
s, = 128 280 330 405 m
850 883 1383 1323 - f%.

3

hence congiderably smaller values then the ones given in Table

I. The cifference is largely due to the actually much smaller
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acceleration at the higher soeeds.

In any event, it is much better from the outset to fly "un-
der pregsure" and thus to get up spced quicker, than to taxi
with a large angle of attack for the purpose of increasing the
1ift and Giminishing the friction.

The longest portion of the talke-off cdistance is the taxying.
The most oractical way to shorten this scems to be to increase
the propcllcer thrust €, either by a specially designed provel-
ler (with adjustadle blaces) or by a largce cxcces of enginc nowcr
during the start.

Such an engine is algo very valuable under certain circun—
stances, but is gocncrally dearly bought by an undesiravle in-
crease in the non-paying load. On the contrary, any soluvion
would e Cegircble, in wiich the reoculred extra power is suponlied
frqﬁ the outsicde, nocsibly by ctoring up enerzy before the stoart.

Thus the o0ld Vright airplane wte strongly acceleratced for a
gshort distence by a falling weight in the "catapult start.!
Similar devices, eaploying compressed air, are row used on Aner-
icon battleships, for launching smnlil airplanss. This metvhod
has the effect of increasing the vropeller thrust and hence of
increcsing a  (or ¢}. This does nst, however, elevate the
flight poth fast enough to meet, the ebove-mentioned reguirenent
of recoching an altitude of 20 m (65.6 ft.) in the shortecst oossi-
ble cdistonce. After the distance sy of the catapult sitrt,

which is wwch smaller than the proviously calculated s,,.4, the
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airplanc climbs os before for a distance s and the wholec take-
~ff A y r ; ; 8o T B3
cff distance is thercfore shortoned by the ratio

81 4+ Sz -+ Sa

in comparison with the previous take-off distance.*

La. Cierva tried another way with his "autogiro" (or windmill
airplane). So long as the rotary wings arc not mechanically set
in rotation at the start, there is hardly any advantage gainced.

In fact, the take-off distance of this peculiar airplone is still

>
very large in compariscn with its very short landing run. There
is the possibility, however, of accunulating encrgy vefore the
start by mecchanically setting thc wings in rapid rotation. There—
by a considerably increascd cg could be attained due to the
greater relotive speed of the wings. The astenpt bas oveen nmade,
with some success, to produce thlg rotation by unwinding a rope.
It may prooably be assumed, however, that the samc result will
vet be nrotuced b the traasmission of cengine power.

This cxomple indicates a promising way for shortening the
take-olf distance, namely, the transmission of energy from with-
out and the accumulation of the same in the airplane beforce
starting. At the present time, this methed coes not seem anpli-

cablc to existing airolanes with their fixed wings. In this con-

nection, however, and in spite of its sensational aspsct, a pro-

* In like monner, more or less successZul attemots have- been
madc to shorten the landing run by brakxing with the tail skid
and winé flavns. This is the direct counterpart of the catanult
start and means a power veductlion through exserrnal means.
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M.A.C. 4.
posal, already rcpeatedly nade, gains intercst and perhaps scnsc

also.

airplane »y meane cof a light towing airplanc.

This concerns the acceleration of a difficultly starting
s It is proposed
that the towing airplane {an ordinary but swift unloaded airplane

with large reserve climbing capacity) shall fly at a short dis-
tance above the starting airplane and shall be coupled to *he
latter at & given instant. Since the upper airplane is flying

t first than *he already rapidly taxyiﬁg airplane on the
2 will be exerted on thc rope, which will

faster o

fround, a pull of Z

produce both an accelerating and 1lifting effect on the lower air-
i The towing

plane and cconsiderably shorten its talko-ofr run.
airplane, on the other haxd, will welive, 2fter the coupliag,

like a sudderly and strongly loacded airplane anproaching a

stalled concition of Llighs.
According %o the above, the most imvportant problem is to
shorten the first two phases of the take-oif (taxying and hover-
ing) and it is obvious from Table I that thec hardest part of the

problem is to attain the high soveeds {exceeding 30 m/s (98.4 ft./
Up to this speed the take-off disturce is still small

sec. ).
(about 270 m - 866 ft.) and no help from the towing airplane is
The latter would then hove to give its

possible or necessary.
assigtence during the hovering, wken it would work in a strongly
cg and a rvclatively small

ctallcd condition with a very great
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speed.*

The automatic coupling of the tow line could be effected by
a simple device on top of the cabin of the large airplane (if it
were a low-wing monoplane) or on the middle of the wing (if it
were a biplane or a high-wing monoplane) and would at first ex—
ert a pull of zero. The pull could then be regulated by the tow—
ing airplane. In order thet the latter micht not be endangered,
an elastic tow line would h2ve to be nrovided or some device on
the towing nlane, through which the rope covld be reeled in or
let out (with an adjustable drag). Lostly, an automatic release
of the lowcr end of the tow line would have to be possible, in
case the towing plane should be erdangered through too great an
increcse in the pull. It would ~lso have +o be possivle fox the
vowing plane, after finishing its task, to drop the tow line
before Jlanding.

The following simple computation cen be made on the gain
to be expccted. In the simplest case, the towing plane might
fly vertically avove and parallel to the large airplane and prar-
tially 1ift it oy means of +the pull on the tow line. This pull,
less the weight of the tow iine, would then equal the possible
useful load of the unloaded sowing airplane &t the same speced.

This may be found by a simmle computation, or graphically by

* We would then usce as towing planes soccial slotted-wing air-
planes, or other airplanes with similar characteristics, which
could also be used for passenger flightg with relatively heavy
loads.
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means of Everling's 1ift curve (Fig. 5).*

In our cxample, wc are taking as thc basis a towing airplane
wvhich weighs 1300 kg (28€5 1b.) with a normal load and 2300 kg
(5071 1b.) with o maximum load. We can now compute by stages
the 1ifts or lightenings AG for specd incrcases v"' to v!
from 26 to 28 m/s (85.3-91.9 ft./sec.), 28 to 30 m/s (91.9-
98.4 ft./sec.), etc., and therewith also the reductions in the

total take-off distance.

- ~ 18 .

in which ¢ and
a - cv'?

.

a - ¢ v"

in

romein unchonged with respzed to the previois calculation. &Also
for liftiny the airplons up to 30 m (85.0 f4.) altitude a similar
computation shows 2 dscided shorteninz of the take-off distance.**
he results are given in Table IV ard show that a total saviang

of about 817 m (713 ft.) or 22% of the total take-off distance

can be made. An allowance of 100 kg (2330.5 1b.) is thereby made
for the weight of the 8 mm (0.315 in.) steel tow line. If an
elastic tow line (which would be oetter under some circumsitances)

should be used, it would need to have a diamcter of at lecast

* Everling, "Kurvendarstellungen des Fluges." Zeitschrift fur
Flugtechnik urd Movorluftschiffanrt, 1917, ». 34. The example
there uscd 18 2lso emploved here and conceras a2 biplane with a
160 HEP. lercedes engine. The squares of v, are plotted on the
axis of the cbscigscs and the total lifting forces, or their dif-
ferences after subtracting the weight of the towing plane (1320
kg -~ 3910 1b.).

**¥ The towing support is therefore the grcatest just at thce cdge
of the aviation field, where the danger is the greatest.
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15 mm (0.53 in.) and would weigh about 70 kg (154 1b.). This

would, of course, have a much greater dreg.

Table IV.

Effect with the towing plane vertically above the other.

a) During the taxying and hovering;

Swend increase m/s 26-238 28-30 30-32 | 32-34
(v" to v?i) ft./sec.|85.2-91.9{91.9-88.4|98.4-105{105-111. 5
LG less weight ko 630 830 390 875
of tow line 1b. 1539 1808 19623 1922
sf-g! (Table II)* m a0 35 51 80
+ ground friction . 131.2 174.8 187.3 196.8
As = AG (gv - gt) m 8 9 14 18.5
G f+. 26.3 . 89.5 45.9 54.1
TAs = 47.5 m (1E5.8 f1i.)
*s There stands for the tolal distance s, + s;.
b) During climb from -+, = 34 m/s (111.5 ft./sec.)
o v, = 20 " ( 98.4 "
Albitude .uiSﬁ-i Distance ol "
% |increase T B. sz? 52a=53 *8;
Angle of
clinmb
1/35
Without tow- 3200 kg 333 8.6 75 285 360 n
ing plane (G) 7055 1b.|1089| 28.33 246 935 1181 f+t.
Angle of
¢limb
_ 1/19
With towing 3515 kg | 1868 13.36 66 124 190 m
plane (G-AG) 5104 1b.| 551| 43.83 217 407 623 ft.

The shortening Asg = CBC-1€0 = 17C m (557.7 £%.)

Total shortening of take-off distAance 170+47.5 =(217.5 11 )
7.5.8 f£t.
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Usually, however, the towing vplane will fly ahcad of the
towed plane and exert a steep upward pull, waich will both 1ift
and accelerate the latter. In thic case, Z4 renresents the pull
at the upper end of the tow line, including the weight and the
drag of the line itself, at the angle 6 to the vertical (Fig. 6).
Then the weight increzse is Z, cos 6 and the drag increase is
Zo sin 8, while Gy is ths "clear weight" of the towing plane
without the acdditional load. For the horizontal flight of the
latter (engine N, FFP.), we bhave

ZELginﬂQ Z'{Zo sin 8 + ¢4 (Gg + Z, coc 8)} B

in which €5 can be put fer the angle of glide and

/GO + %, cos 9

- A Y
Fo Cao 33

for the speed. At the lower end, the tow-line pull 2, is di-
rected upvard at an angle ¢, so that, with the tow-line drag

Wa we have

S
Z,; COS ¢ + Wy = 25 sin 8.

Moreover, Z, cos 6 = Z, sin { + weight of tow-line.

From these egquations, with variocus angles 6 and {, we can
then calculate all the poseible combinaitions for a given length
of tow-line. The duénfit& C &ond consequently also a, in our
previcus formulas, will be increased by the new pull Z; cos {

and the weight G will be diminished by Zy cos €. This is guite
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important when the spced anproaches its 1limit, where a - c v®
”yanishes. The advantage will thercfore be esnecially grent wvhere
a is small, due to ruch friction.

Hence it is expedient, during the last part of the taxying
(where oy — ¢y v®  is already very small), for the towing plane,
flying in advonce, to exert a strong pull a% firet, while later,
at the beginning of the climb (as cvident from Table Vo) a
greater advantage will be oovtained, when the towing plane is almost
vertically above the other and the lower airvlane is strongly re—
lieved.

By comparative calculations it will neot be difficult to de-
termine at what relative pcsitions of the airplanes the best re-—
sults can be obtained at the various co2.d stages. Of cou;ée
these results can also be obiained by s stematic tests in actual
practice.

The effect and utility of an elastic tow-line can also be ap-
proximately computed. Both airplancs would then, under certain
conditions, fall into oscillations, which might possibly be util-
ized for shortening the take-off distancé (at least the taxying
portion).

It may be of some use to make a thorough study of the condi-

tions, structural details and safety precautions relating to the

PrEe, ve -

take—-off helps just concidered. Thieg would perhaps afford some
prospect of success to the seemingly venturesome suggestion, in

spite of tue obviously great practical difficulties involved.
Translation by Dwicht 1. Miner,
i National Advisory Cormittec for Aeronautics.
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